The management of nitrogen fertilization is performed in order to ensure adequate productivity, and depending on the N dynamics in the soil, large amount of N is added to the soil, raising production cost for the farmers. Considering the benefits attributed by seed inoculation with Azospirillum brasilense (diazotrophic bacteria), with emphasis on biological nitrogen fixation (BNF), greater development of the root system, and, consequently, greater absorption of water and nutrients, it infers that inoculation can improve crop performance allowing greater efficiency of nitrogen fertilization. Thus, the research that evaluates nutritional status and wheat yield, in terms of nitrogen rates in association with inoculation with A. brasilense is important. We found that increment of N rates in association with A. brasilense inoculation increases the wheat yield up to 139 kg ha −1 N, whereas without this inoculation linear increase occurred with lower maximum yield of wheat. That is, the inoculation afforded higher grain yield applying less nitrogen fertilizer in topdressing. This research demonstrated that inoculation with A. brasilense associated with nitrogen fertilization in topdressing is beneficial to nutrition and wheat yield. Therefore, inoculation is a low-cost technique, easy to apply and use, and nonpolluting, which fall within the desired sustainable context in actuality.
Introduction
Wheat (Triticum aestivum L.) is an annual cycle plant, considered among the cool season cereal, one that has greater economic importance, with large grain yield capacity [1] .
The final crop yield is defined according to the cultivar used, the amount of agricultural supplies, and management techniques employed. The increasing use of high-yield potential wheat has implicated in more frequent use of agricultural supplies, among which nitrogen fertilization shown to be important in defining the grain yield [2] . Therefore, there is a need to study wheat cultivars verifying their response to the uptake and utilization of nutrients in the soil and their performance and cultural practices in different environments [3] .
Nitrogen fertilization is one of the highest costs of the production process of nonleguminous crops [4] . Wheat, corn, and rice crops utilize approximately 60% of the N fertilizer produced in the world [5] . The use of N fertilizer must be carefully controlled to ensure good yield and manage N in the soil; N fertilizer increases production costs for farmers [6] .
Several authors reported a positive response of nitrogen fertilization on grain yield of wheat [3, [7] [8] [9] [10] [11] . Due to the high cost of fertilizers and awareness in support of sustainable agriculture and less polluting, in which the research is growing, one possibility would be to use inoculants containing bacteria that promote growth and increase the productivity of plants. Studies on biological nitrogen fixation (BNF) by Azospirillum in grass have been carried out in Brazil. Until recently, no commercial inoculants with these bacteria are available in the country [12] .
Although the plant genotype performs an essential role in the colonization of bacteria, cultivars with high and low potential of association exist [13] . Several studies have been published confirming that Azospirillum produces phytohormones that stimulate root growth in many plant species. The components released by Azospirillum brasilense responsible for stimulating root growth are indoleacetic acid (IAA), gibberellins, and cytokinins [14] . Inoculation with Azospirillum can improve the leaf photosynthetic parameters, including chlorophyll content and stomata conductance, greater proline content in shoots and roots, improvement in water potential, an increase in water content in the apoplast, more elasticity of the cell wall, more biomass production, and greater plant size which were reported by Barassi et al. [15] . Increases in photosynthetic pigments such as chlorophyll a and b and auxiliary photoprotective pigments, such as violaxantine, zeaxantin, ateroxantine, lutein, neoxanthin, and beta-carotene, which result in greener plants without water-related stress, were verified by Bashan et al. [16] .
In addition, the increase in root development caused by inoculation with Azospirillum is involved with several other effects. Increases in water and mineral uptake have been reported, as well as greater tolerance to stresses, such as salinity and drought, resulting in a more vigorous and productive plant [17, 18] . According to Dobbelaere et al. [19] , positive responses to inoculation with A. brasilense are obtained even when the crops are grown in soils with high N content available, which indicates that the plant responses occur not only due to the N 2 fixed but also mainly depending on the production of phytohormone growth promoters Wheat Improvement, Management and Utilization 100 such as cytokinin, gibberellin, and indoleacetic acid. Lemos et al. [20] , studying five wheat cultivars, found a positive interaction of A. brasilense and nitrogen fertilization only for one wheat cultivar (CD 150). Increases in nitrogen fertilization efficiency associated with inoculation with A. brasilense were reported by Galindo et al. [21] but in the grain yields of corn in the Brazilian Cerrado.
Considering the benefits attributed to several crops by inoculation with A. brasilense, with emphasis on biological nitrogen fixation, greater development of the root system, and, consequently, greater absorption of water and nutrients, therefore, the inoculation can improve crop performance allowing greater efficiency of nitrogen fertilization. Thus, research that evaluates the nutritional status and wheat yield, in terms of nitrogen rates in association with inoculation with A. brasilense, is important.
Materials and methods
The wheat experiment was conducted in 2014, in an experimental area that belongs to the UNESP Engineering Faculty, located in Selvíria-MS/Brazil-with the following geographical coordinates 20°22′S and 51°22′W and an altitude of 335 m. Soil in this experimental area was classified as Distroferric Red Oxisol with clay texture (with values of particle size of 420, 50 kg −1 , and 530 g of sand, silt, and clay, respectively), according to Embrapa [22] , which has been cultivated with annual cultures over 27 years and the last 11 years with no-tillage system. The area was under corn cultivation before sowing wheat. The annual average temperature was 23.5°C, annual average pluvial precipitation was 1370 mm, and annual average relative air humidity was between 70 and 80%.
Glyphosate [1800 g ha −1 of active ingredient (a.i.) and 2,4-D (670 g ha −1 of a.i.)] herbicides were used for desiccation and applied in 2 weeks prior to sowing wheat. Chemical attributes of the soil in the tillable layer were determined before the wheat experiment began. The methods proposed by van Raij et al. [23] showed the following results: 13 mg dm of Zn (DTPA), 0.24 mg dm −3 of B (hot water), and 36% base saturation. After soil chemical analysis, 2.5 t ha −1 of dolomitic limestone (with 88% relative total neutralizing power) was directly applied as topdressing 80 days before the wheat was sown in 2014 in order to elevate base saturation to 70%, as recommended by Cantarella et al. [24] .
The experimental design was a randomized block with four replications, in a factorial scheme 5 × 2, with five N rates (0, 50, 100, 150, and 200 kg ha −1 , as urea) applied as topdressing at the growth stage 3.2 on Zadok's scale [25] , with and without seed inoculation with A. brasilense. Wheat seeds were inoculated with 300 mL ha Were applied 350 kg ha −1 of the 08-28-16 formulation in the forms of urea, triple superphosphate, and potassium chloride, respectively, at wheat sowing was applied. The experiments were conducted in a no-tillage system. The area in both crops was irrigated by a central pivot sprinkler system. The water coverage was 14 mm over a period of around 72 h. The cultivar used was the CD 116, and sowing was done with an experimental machine on 05/16/14, with 80 seeds being sown per meter. Metsulfuron-methyl (3.0 g a.i. ha −1 ), a postemergence herbicide, was applied 20 days after emergence (DAE) to control weeds, like Ipomoea grandifolia, Tridax procumbens, and Spermacoce latifolia. The seedling emergence was 6 days after sowing. Topdressing with nitrogen fertilization was performed at 35 DAE, manually distributing the fertilizer on the soil surface (no incorporation) beside and approximately 8 cm of sowing lines in order to avoid the contact of the fertilizer with the plants. After this topdressing, the area was irrigated by sprinkling (depth 14 mm) at night to minimize N losses by volatilization of ammonia, a procedure common in the irrigated wheat crop. The plants were harvested 110 days after wheat emergence.
Concentrations of N, P, K, Ca, Mg, S, Cu, Fe, Mn, and Zn were measured in the grain and straw (above the soil) of wheat at harvest occasion (the end of the crop cycle), in 10 plants per useful area of plot. The determination of nutrients was carried out as described by Malavolta et al. [26] . The wheat was harvested from the plants in the useful area of each plot, and grain yield was calculated after mechanical threshing. Data were transformed into kg ha 
The results were subjected to analysis of variance and Tukey's test at 5% probability to compare the averages of plants that had been inoculated with A. brasilense with those that had not been inoculated. Regression equations were fitted for the effect of N rates using the Sisvar program [27] . For the Pearson correlation analysis, separated from inoculated and non-inoculated treatments, we used SAS program [28] .
Results and discussion
The increase in nitrogen rates isolated did not influence the nutrients concentrations in irrigated wheat grains, inclusive of N ( Table 1) . However, it is worth noting that the nutrients N, P, and S concentrations presented in the diagnosis leaf (data not shown) were higher than average recommended by Cantarella et al. [24] , whose ranges for these nutrients are 20-34, 1.5-3, and 2.1-3.3 g kg −1 , respectively. For average of Ca and Mg, leaf concentrations are within the recommendation by Cantarella et al. [24] as appropriate, whose ranges for such nutrients are 2.5-10.0 and 1.5-4.0 g kg −1
. The K leaf concentration was slightly below 15 (13.5 g kg −1 ), being the critical level considered as appropriate. However, the average of leaf concentrations of Cu, Fe, Mn, and Zn were suitable, whose ranges for these nutrients are 5-25; 10-300, 25-150, and 20-70 mg kg −1 [24] , respectively.
With regard to inoculation with A. brasilense, the concentrations of P, Ca, andMg were positively influenced by the use of bacteria, where inoculated treatments showed higher concentrations of these nutrients in wheat ( Table 1 ). Increasing concentrations of P, Ca, and Mg in the grain raise the possibility of partial immobilization of nutrients in the plant by the bacteria and subsequent release of the same for plants. These bacteria can act on plant growth by producing substances promoting development (auxins, gibberellins, and cytokinins) which provide better root growth [29] and, therefore, have greater uptake of water and nutrients [30] resulting in a more vigorous and productive plant [12, 18] , and to be free-living organisms with endophytic characteristics, it is possible to perform some of the metabolic and vital process use of nutrients in the plant, which would then be made available to reflect in increased concentrations in the grains.
Inoculation with A. brasilense provided higher concentrations of Mn and Zn in the grains compared to treatments not inoculated, probably due to the possibility of temporary immobilization and subsequent greater redistribution of nutrients to the grain filling ( Table 1) . This result is very interesting, because the increase of Zn in cereal grains such as wheat is the target of a series of research related to agronomic biofortification, since many people are deficient in zinc, especially in less developed countries of the world.
The interaction between nitrogen rates and inoculation with A. brasilense was significant for the Mg concentration in the grains. In the absence of N and at doses of 50 and 100 kg ha −1 , the treatments inoculated with A. brasilense via seed showed higher Mg concentration in the grains compared to treatment that was not inoculated ( Table 2 ). There was linear increasing function adjusted for nitrogen rates where there was no inoculation (Figure 1 ), but these values always were lower compared to treatments with inoculation.
The increase in nitrogen rates did not influence the concentration of macronutrients and Cu, Mn, and Zn in wheat straw ( Table 1) . Only the Fe straw concentration was influenced by N rates, adjusting the increasing linear function (Figure 2) .
Inoculation with A. brasilense influenced the concentrations of P and S in the wheat straw in distinct forms. For the P concentration, inoculation promoted lower concentrations of this nutrient in the straw, which is explained by the greater redistribution and accumulation of P in wheat grain filling, as previously reported. However, for the S concentration, in treatments that were performed, the inoculation showed higher concentration of nutrients in the straw (Table 1) , which can be explained by the greater S uptake in the subsurface soil layers, due to further deepening of the system root of inoculated wheat. The Azospirillum genus encompasses a group of bacteria that promote plant growth, free life that is found in almost all places of the earth; there are reports also that bacteria of this kind can be facultative endophytic [31] . Azospirillum genus of bacteria can act on plant growth by reducing nitrate to ammonia; this energy can be made available to other vital metabolic processes [32] . Nevertheless, this fixation process also requires energy in the form of adenosine triphosphate (ATP) to occur [33] , which raises the possibility that these bacteria temporarily immobilize some Wheat Improvement, Management and Utilizationplant nutrients such as K, Ca, Mg, S, Mn, Zn, and especially P for their metabolic processes and subsequently make available again to plants, reinforcing the results obtained in the nutritional assessment, which observed lower concentrations of P, K, and Ca in leaf tissue and a smaller concentration of P in the straw but increases in the concentrations of P, Ca, Mg, Mn, and Zn in the grains, being interesting from the point of view of human or animal nutrition.
The interaction between nitrogen rates and inoculation was significant for the N concentration in the straw. The treatments that were inoculated by seed with the bacteria A. brasilense at the rate of 100-150 kg ha −1 N showed higher N concentration in the straw compared to uninoculated treatments ( Table 3 ) and, therefore, contributed more to the supply of this important nutrient for subsequent crops. There was linear decreasing function adjusted for nitrogen rates in treatments that were not inoculated, that is, the increase of N rates resulted in decreased concentration of N in the straw (Figure 3) , indicating a greater need to redistribute N of the straw for grains. Thus, it appears that there was a greater contribution to the absorption of N due to the further development of the root system in relation to biological N 2 fixation when there was seed inoculation with A. brasilense. This bacterium can act on plant growth by producing substance promoters for development of (auxins, gibberellins, and cytokinins), which provide improved root growth [29] and consequently Means followed by the same letter in the column do not differ by Tukey's test at 5%. Table 3 . Inoculation by A. brasilense and nitrogen rate interaction for nitrogen straw concentration of wheat. greater absorption of water and nutrients [30] , resulting in more vigorous and productive plant [12, 18] . For the agronomic efficiency of wheat, there was no significant difference between with or without inoculation by A. brasilense (Table 4) , even though numerically in inoculated wheat, the efficiency of nitrogen fertilization has been higher. The interaction between N rates and inoculation was significant for the grain yield of wheat. Inoculated treatments at the rate of 150 kg ha −1 N were greater in grain yield of non-inoculated treatments ( Table 5 ). There was linear increasing function adjusted for nitrogen rates in the treatments without inoculation and the quadratic function adjusted for the treatments inoculated with positive response up to the dose of 139 kg ha −1 N (Figure 4) . However, A. brasilense alone is not effective enough to replace the entire nitrogen fertilization but, associated with N fertilization, makes it possible to achieve the highest yields of irrigated wheat grains in the Brazilian Cerrado. Regarding grain yield, several authors also reported a positive response to nitrogen fertilization on wheat [2, 3, [7] [8] [9] [10] . In similar climatic conditions for the cultivation of wheat as a winter crop in the Cerrado region with low altitude, Cazetta et al. [7] and Teixeira Filho et al. [3, 8, 9] suggested maximum grain yield with N doses ranging from 78 kg ha −1 [7] , 90 kg ha −1 [3, 8] to 120 kg ha −1 [9] . These differences in rates of N that provide maximum productivity of wheat are due to different requirements of N from the cultivars, as well as the variation in climate and soil conditions. Lemos et al. [20] studied five wheat cultivars (CD 104, CD 108, CD 119, CD 120, and CD 150), with and without inoculation and, associated with nitrogen rates, found that response to inoculation with A. brasilense in wheat crop occurs satisfactorily when held in conjunction with the nitrogen fertilization, as observed in this study at a dose of 150 kg ha −1 N ( Table 5) . On the other hand, Ferreira et al. [34] , working with foliar application of A. brasilense and nitrogen rates in the wheat crop in the Brazilian Cerrado, observed that inoculation had no effect on grain yield. Similarly, Nunes et al. [4] studied inoculation with A. brasilense in soils with high and low availability of N, and Galindo et al. [35] , in research with application times by leaf of A. brasilense with the application of 100 kg ha −1 N, found no effect of inoculation in the production components and grain yield of wheat in the Cerrado region.
Tarumoto et al. [36] , analyzing inoculation with A. brasilense and seed treatment with pesticides on irrigated wheat yield in the Cerrado region and agreeing with the results obtained Means followed by the same letter in the column do not differ by Tukey's test at 5%. in this study, also did not verify influence of inoculation alone, on yield of irrigated wheat crop. However, Santa et al. [37] found significant effects on the wheat yield (average increase of 23.9% compared to the control) in the treatment inoculated with A. brasilense, both with and without the addition of nitrogen fertilization. While Piccinin et al. [38] suggested that the use of N can be reduced by up to 50% when inoculation with A. brasilense is performed.
Zorita and Caniggia [39] also reported significant increases on grain yield after inoculation of A. brasilense on wheat seeds. Hungria [12] also observed a mean increase in grain yield of 31% for wheat. However, it is noteworthy that the affinity of cultivar with the strains of this bacterium diazotrophic may vary and determine the success or failure of inoculation with A. brasilense.
Agronomic efficiency was negatively affected by the increase of N rates (Table 4) , with adjustment to decreasing linear function due to higher losses of N in the soil (Figure 5) , as we know, the higher the dose, the greater will be the loss. Increases in the efficiency of nitrogen fertilization associated with inoculation with A. brasilense were reported by Galindo et al. [21] but in the corn crop in the Brazilian Cerrado. According to Dobbelaere et al. [19] , positive responses to inoculation with A. brasilense are obtained even when the crops are grown in soils with high N content available, which indicates that the plant responses occur not only due to the N 2 biological fixation but also mainly depending on the production of phytohormones growth promoters such as the cytokinin, gibberellin, and indoleacetic acid. This fact may possibly has favored root development of wheat, which according to Novakowiski et al. [40] improved the utilization efficiency of the residual N, uptake of water, and other nutrients directly reflected in a higher agronomic efficiency of the plant with A. brasilense inoculation as found in the present study for grain yield.
Conclusion
Inoculation with A. brasilense increased concentrations of Ca, Mg, Mn, and Zn in grain and concentrations of N and S in wheat straw. This bacterium decreases the straw concentration of P, but it increases grain concentration of P. 
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The straw concentration of N decreased linearly with the increase of N doses, only without inoculation with A. brasilense. That is, when inoculation with these bacteria occurred, there was a lower N redistribution from leaves and culms into the grain filling, without the reduction in the N grains concentration. So, it is a great interest for the supply of N to subsequent crops.
The increase in N rates in association with A. brasilense inoculation increases the wheat yield up to 139 kg ha −1 N, whereas without this inoculation, linear increase occurred with lower maximum yield of wheat. That is, the inoculation afforded higher grain yield applying less nitrogen fertilizer in topdressing.
